Context. Open clusters (OCs) are popular tracers of the structure and evolutionary history of the Galactic disk. The OC population is often considered to be complete within 1.8 kpc of the Sun. The recent Gaia Data Release 2 (DR2) allows the latter claim to be challenged. Aims. We perform a systematic search for new OCs in the direction of Perseus using precise and accurate astrometry from Gaia DR2. Methods. We implement a coarse-to-fine search method. First, we exploit spatial proximity using a fast density-aware partitioning of the sky via a k-d tree in the spatial domain of Galactic coordinates, (l, b). Secondly, we employ a Gaussian mixture model in the proper motion space to quickly tag fields around OC candidates. Thirdly, we apply an unsupervised membership assignment method, UPMASK, to scrutinise the candidates. We visually inspect colour-magnitude diagrams to validate the detected objects. Finally, we perform a diagnostic to quantify the significance of each identified overdensity in proper motion and in parallax space. Results. We report the discovery of 41 new stellar clusters. This represents an increment of at least 20% of the previously known OC population in this volume of the Milky Way. We also report on the clear identification of NGC 886, an object previously considered an asterism. This study challenges the previous claim of a near-complete sample of open clusters up to 1.8 kpc. Our results reveal that this claim requires revision, and a complete census of nearby open clusters is yet to be found.
Introduction
Galactic stellar clusters, traditionally called open clusters (OCs), are tracers of the structure and evolution of the Milky Way (e.g. Janes & Adler 1982; Dias & Lépine 2005; Piskunov et al. 2006; Moitinho 2010) , playing a fundamental role in studies of star formation environment and evolution (e.g. Lada 2010) . They are found primarily in the Galactic plane and are composed of dozens to several thousands of stars of similar age, metallicity, kinematics, and distance. As such, they provide a testbed for stellar evolution models.
It has been often stated in the literature that the census of the OC population in the solar neighbourhood is complete. Piskunov et al. (2006) put the completenes radius at 850 pc. This has been contested by Moitinho (2010) , who shows that, based on the photometry used by Piskunov et al. (2006) , many sparse and/or old open clusters are expected to be missed. Kharchenko et al. (2013) , working with 2MASS photometry (Skrutskie et al. 2006) , made the claim that the OC sample is almost complete within 1.8 kpc from the Sun. Few discoveries of nearby OCs had been made since the publications of Alessi et al. (2003) and Kharchenko et al. (2005) (with the notable exception of Röser et al. 2016 , who identified nine new objects within 500 pc), making the completeness claim appear plausible. While the astrometric and photometric analysis followed in the aforementioned works provide a well-established methodology for identifying Article members and deriving properties of clusters, a significant part of the problem seems to arise from the data used in those studies. The catalogues they are based on, such as Hipparcos (ESA 1997) , 2MASS (Skrutskie et al. 2006) , PPMXL (Roeser et al. 2010) , or UCAC (e.g. Zacharias et al. 2013) have brought an enormous contributions to astronomy, but as any data set they have sensitivity limitations and should not be overinterpreted. As noted in Moitinho (2010) , many objects will fall on the borderline of the data sensitivity limits, which causes incompleteness and creates false positives in the sample.
The improvement in quality and the depth of the recently published Gaia Data Release 2 (DR2, Gaia collaboration et al. 2018) allow us to identify new objects and address the question of the reality of previously identified objects. In a recent publication, Castro-Ginard et al. (2018) reported on the discovery of 11 OCs closer than 500 pc in the Gaia DR1 data (Gaia Collaboration et al. 2016) . Cantat-Gaudin et al. (2018a) have identified 34 new OCs within 2 kpc in the Gaia DR2 data, and shown that the samples on which the completeness analyses are based are also highly contanimated by false positives.
In this study we search for known and unknown stellar clusters making use of stars in the Gaia DR2 catalogue up to magnitude G = 18.0, using a coarse-to-fine search methodology combining machine learning and statistical techniques. Recent data releases of Gaia have changed the state of the field by providing accurate and precise measurements of stellar population kinematics and parallaxes. We use the spatial, kinematic, and parallax information in a hierarchical and automated fashion to scan the sky, flag the candidates, and validate them. To validate or reject the flagged candidates, we employ the UPMASK method (Krone-Martins & Moitinho 2014), which uses all of the above information simultaneously. We neither make use of photometric data to detect clusters nor to perform stellar membership. The photometric information is employed solely for an independent validation of each OC candidate by visual inspection of their colour-magnitude diagrams.
In Sect. 2, we briefly present the Gaia DR2 data and the source selection criteria adopted in this study. The methods developed and employed to search for OCs are detailed in Sect. 3. We present the results and comment on some specific objects in Sect. 4. Finally, we summarise our findings in Sect. 5. The information of all discovered objects can be consulted in the appendix, or retrieved in electronic form, including through Virtual Observatory services, from CDS 1 .
Data
The ESA Gaia space mission (Gaia collaboration et al. 2016 ) is producing an unprecedented all-sky survey in terms of its sheer size, dimensionality and history-changing astrometric precision and accuracy. In particular, the most recent Data Release, Gaia DR2, contains more than 1.6 billion sources as faint as G ∼ 21, providing five-parameter astrometric solutions accurate to hundreds of micro-arcseconds, as well as magnitudes in three photometric bands, for more than 1.3 billion sources. (Gaia collaboration et al. 2018 ). This unprecedented precision facilitates the identification of stellar clusters by increasing the contrast between the cluster members and the field objects in the proper motion and parallax space.
The Gaia DR2 data were retrieved in two different ways. First, we used the Gaia Archive bulk retrieval data facility 2 to obtain the entire region defined by galactic coordinates l ∈ [120
• ], and magnitudes G ≤ 18. This magnitude cut corresponds to typical astrometric uncertainties better than 0.3 mas yr −1 in proper motion, and 0.15 mas in parallax. From these data, we selected the information for spatial tiling and candidate flagging (positions l, b, proper motions µ α * , µ δ , and parallax, ; see Sects. 3.1 and 3.2). Secondly (described in Sect. 3.3), we validated the candidates querying data through the Gaia archive facility at ESAC (Salgado et al. 2017) with pygacs 3 to extract the positions (α, δ, l, b), parallaxes ( ), proper motions (µ α * , µ δ ), fluxes in the G, G BP and G RP passbands, and their associated uncertainties and covariances, from the table gaiadr2.gaia_source via ADQL (Ortiz et al. 2008) queries launched using the TAP protocol (Dowler et al. 2018 ).
Method
To perform a systematic search for OCs, we design and employ a coarse-to-fine search algorithm, tailored to be used on astrometric catalogues. Our algorithm consists of three steps: i) fast density-aware sky tiling to exploit the proximity of cluster members on the plane of the sky; ii) OC candidate region flagging based on proper motion similarity via a fast recommendation system; iii) cluster membership assignment and independent validation. We detail these steps in the following subsections.
Density-aware spatial tiling
As the very first step, we partition the sample into computationally tractable subsets, i.e. tiles. Partitioning datasets of Gaia size requires an extremely fast and scalable method. At the same time, we would like to avoid loss of spatial information, or, informally speaking, splitting a potential cluster across many tiles, which lowers the signal-to-noise ratio. Hence, the adopted algorithm should be aware of the spatial spread of data points. To this end, we employ k-d trees for spatial partitioning (Bentley 1975) .
k-d trees are data structures based on binary trees (Garnier & Taylor 2009) , traditionally used for fast nearest neighbour searches. In this work, however, we use the accompanying fast partitioning algorithm to create a rectangular tessellation of the target sky region, which preserves a predefined minimum number of stars in each tile. k-d trees are known to perform best when the number of dimensions (k) is not large (Friedman et al. 1977; Sproull 1991) . We use the two galactic spatial coordinates l and b, hence k = 2 to partition the region of interest with ∼ 15 million sources. The algorithm outputs 2048 tiles, each containing ∼ 7400 stars on average. 
Candidate flagging
To quickly search over 2048 tiles and flag open cluster candidates, we employ a Gaussian mixture model (GMM; e.g. Pearson 1894; Melchior & Goulding 2016) in the proper motion space (µ α * , µ δ ). Here, the GMM is used to decrease the clutter and information overload, rather than as an optimal model of the proper motion distribution. The Gaussian covariances are used as the score metric to decide on the follow up analysis of the field.
A GMM is a parametric model that consists of a weighted sum of Gaussian components. The GMM allows us to separate a candidate region from the background and foreground sources because the measured stellar proper motions of OC members can be roughly approximated by a Gaussian distribution, with means equalling the bulk proper motion of the OC, and with a variance smaller than that of the field stars. Therefore, GMMs are a natural choice to flag candidate regions in which an OC may exist. This technique has been traditionally used to study and search OCs (Vasilevskis et al. 1958; Sanders 1971) , and has been continuously applied in astronomy (e.g. Krone-Martins et al. 2010; Ducourant et al. 2017; de Souza et al. 2017) .
We adopt GMMs with 10 multivariate Gaussian components 5 to perform one global search in the entire data within each tile, and multiple targeted searches in parallax bins of 0.2 mas (increased by steps of 0.2 mas to contain at least 1000 objects per bin). The targeted searches mitigate false negatives caused by the relative signal-to-noise ratio of the candidate regions when compared to the field population. Since we expect members of the same stellar cluster to share similar parallaxes, this parallax screening increases the search efficiency. Finally, the candidate region is kept for further scrutiny if its Gaussian component exhibits a variance smaller than 0.1 mas 2 yr −2 in both µ α * and µ δ (corresponding to a standard deviation of ∼ 0.3 mas yr −1 ), and if it has at least ten members falling within its interquartile range.
Candidate analysis
To further analyse each candidate region, we employ an unsupervised method that relies on minimal physical assumptions about stellar clusters called UPMASK (Krone-Martins & Moitinho 2014). The key assumptions are that the cluster member stars must share some common properties, thereby being clustered in some parameter spaces (here proper motion and parallax), and that the spatial distribution of the member stars should be incompatible with a uniform spatial distribution at the same time. This method was already successfully applied to astrometric data (i.e. Cantat-Gaudin et al. 2018b,a) , where it serendipitously revealed 60 new Milky Way stellar clusters while analysing previously known clusters.
After querying the Gaia archive data around the candidates, we apply UPMASK, the workflow of which is outlined below.
1. Sample a new dataset drawn from the probability distribution functions defined by the original measurements and their reported covariance matrices. 2. Create small groups in the parameter space (µ α * , µ δ , ) through a k-means clustering algorithm (Forgy 1965; Lloyd 1982) , with a large k with respect to the dataset size, guaranteeing ∼ 10 − 15 objects per group. 3. Test each small group for compatibility with a uniform spatial distribution in (l, b) based on the branch lengths of minimum spanning trees (e.g. Graham & Hell 1985) , after which those that are compatible are discarded as field stars. 4. Repeat steps (2-3) until no star is discarded, and either the remaining ones are assigned as stellar cluster members at this iteration or all stars are discarded and no cluster is detected. 5. Repeat steps (1-4) up to the maximum number of iterations (in this study we performed the loop 100 times).
6. Compute a membership score as the frequency with which each star was assigned as a cluster member.
The resulting clustering score is therefore based on the 5D (α, δ, µ α * , µ δ , ) information of each star and associated nominal uncertainties.
Identification of clusters in the Perseus direction
After an automated analysis and human visual inspection of all colour-magnitude diagrams and positional maps of the candidates, we ended up with 133 stellar aggregates that look like potential clusters. 41 are hitherto unreported clusters, and an additional five are known obects that had not yet been identified in the Gaia DR2 data. The location of their members and their colour-magnitude diagrams are displayed in Figs. B.1 to D.5. The full membership list is available in electronic form.
Re-identification of known objects
The majority of the identified aggregates correspond to known clusters. 87 of them were already identified with Gaia DR2 astrometry by Cantat-Gaudin et al. (2018a) in a search that relied on prior information on the location and expected dimension of clusters from the literature, which allowed them to identify 227 objects in the area investigated in the present study. Our unsupervised search did not recover all of those 227, but was however able to recover five objects (Czernik 5, Czernik 15, FSR 0494, FSR 0519, and NGC 886) missed by Cantat-Gaudin et al. (2018a) . In all five cases, the apparent sizes listed in the catalogues of Dias et al. (2002) and Kharchenko et al. (2013) are too small for the clusters to appear as a clear overdensity in the field of view.
The nearest of these five mischaracterised clusters is NGC 886, an OC in Cassiopeia. This cluster was first observed by J. Herschel in 1829 (No. 214 in Herschel 1833 and is listed under its current name in the original New General Catalogue of Nebulae and Clusters of Stars (Dreyer 1888) . Rediscovered as Stock 6 in the 1950s, it was later flagged as "non existent" in the Revised New General Catalogue of Nonstellar Astronomical Objects (RNGC; Sulentic et al. 1973 ). The catalogue of Dias et al. (2002) lists Stock 6, with an apparent radius of 0.12
• , but flags it as a dubious grouping, while Kharchenko et al. (2013) lists NGC 886, with a total radius of 0.17
• . In this study, we find a clear centrally-concentrated distribution of stars within 0.5
• of the reported position of NGC 886/Stock 6 (see Fig. D.4) .
Newly discovered clusters
The remaining 41 groups are not (to the best of our knowledge) listed in the literature (Dias et al. 2002; Kharchenko et al. 2013; Schmeja et al. 2014; Scholz et al. 2015; Röser et al. 2016; Castro-Ginard et al. 2018; Ferreira et al. 2019) . We remark that the colour-magnitude diagrams of most of the newly reported clusters present broadened sequence (see Figs. B.1 to C.13) and red turn off point (G BP -G RP ∼0.6 to more than 1), wich suggests that they are affected by differential reddening. They are however all clearly visible in astrometric space. Their positions and mean proper motions and parallaxes are given in Table A .1, along with the radius r 50 containing half the cluster members we identified. We also provide a rough distance from the mean parallax, after correcting for a zero point offset of 0.029 mas (Lindegren et al. 2018; Arenou et al. 2018 ).
We perform an additional statistical diagnostic to assess the significance of the signature of the clusters in astrometric space. Working with all stars in a field of view of radius 2×r 50 , we bin stars in square cells of 0.5 mas yr −1 in proper motion space and compute the density distribution of parallaxes (using a Gaussian kernel of sigma 0.1 mas) in each cell 6 . We show in the middle right panels of Figs. B.1 to D.5 that the parallax distribution in the proper motion bin containing the cluster is always more peaked (denser relative density) than the mean of the other bins. To quantify how the proper motion selection reveals a peaked parallax distribution we calculate the difference between the density in the cluster bin and the mean density of the field bins, divided by the standard deviation of the field bins. This number can be interpreted as a signal-to-noise ratio (S/N) of the signature of the cluster in parallax space.
Reciprocally, we quantify how the density in proper motion space is enhanced when selecting stars in a 0.2 mas range centred on the cluster parallax, compared to the mean density in bins not containing the cluster. In Fig. 1 we show the S/N ratio in parallax and proper motion space for the 41 clusters discovered in this study and the five clusters we re-identified. Unsurprisingly, the signal in parallax space is stronger for the most nearby clusters. The most distant new cluster (COIN-Gaia 33, ∼0.12 mas) barely stands out as an overdensity in parallax space, but its signature is clearly visible in proper motion space.
Based on their aspect in positional space and the aspect of their colour-magnitude diagram, we divide the 41 new clusters into 28 grade A (most certain candidates) and 13 grade B clusters. Their main parameters (location, apparent size, proper motions and parallax) are listed in Table A .1. The grade B clusters tend to be more distant, more reddened, and their colourmagnitude diagrams are not well-defined, likely due to differential extinction. We remark that the four known objects Czernik 5, Czernik 15, FSR 0494, and FSR 0519 present a similarly blurred 6 We only consider cells containing at least 10 stars, in order to mitigate the noise introduced by sparsely populated cells colour-magnitude diagram and weak signal in proper motion and parallax space.
Consequences for the cluster census
The unprecedented quality of the astrometry provided by the Gaia mission allows for new discoveries of groups of stars sharing a common proper motion and parallax, which is especially powerful when investigating populations projected against a dense background. We have verified that none of the objects characterised in this study are visible as significant overdensities in optical images of the Galactic plane.
The majority of new clusters reported in this work are nearby objects, 33 of which are located within 2 kpc of the Sun. Their discovery represents a ∼50% increase in the number of clusters identified from Gaia DR2 astrometry in this direction and distance range 7 . These 33 new nearby clusters also represent a ∼20-25% increase with respect to the catalogues of Dias et al. (2002) and Kharchenko et al. (2013) . These two widely-used reference catalogues include a significant fraction of objects flagged as putative or dubious, some of which were only very recently found to be asterisms (e.g. Han et al. 2016; Kos et al. 2018) . Table 1 contains a summary of the total number of clusters listed by different authors in the region investigated in the present study. Since our blind search is unable to recover all the known objects within 2 kpc, it also certainly failed to detect a significant number of unknown OCs that other methods might be able to uncover in the Gaia DR2 data. In particular, the flagging of candidates described in Sect. 3.2 is based on proper motions only, and is therefore likely biased towards clusters whose proper motions are significantly different from the field stars.
The present study shows that the assumption of completeness often made in OC studies (e.g. Buckner & Froebrich 2014; Lin et al. 2015; Joshi et al. 2016; Matsunaga et al. 2018; Piskunov et al. 2018) needs to be seriously reevaluated in the Gaia era. Cantat-Gaudin et al. (2018a) have also shown that the samples on which the completeness analyses are based are also highly contaminated by false positives. We note that none of the new objects are located in the gap of the Perseus arm (see Fig. 3 ), and the region l ∈ [140; 160] still appears to be almost devoid of OCs in the distance range ∼1-2 kpc (as already noted by e.g. Vázquez et al. 2008) .
Although the Gaia-DR2 catalogue represents an unprecedented improvement in the amount and quality of astrometric data available to astronomers, we point out that the next Gaia data releases planned for the upcoming years will incrementally refine the parallax and proper motion measurements, allowing us to better discern stellar clusters and possibly to discard some groupings identified in the Gaia-DR2 data as false positives.
Conclusions
This study reports the discovery of 41 new OCs in the direction of Perseus at the Galactic coordinates l ∈ [120
• ; 200 • ] and b ∈ [−10
• ; 10 • ]. This work employs a fully automated and scalable coarse-to-fine search algorithm, tailored to astrometric catalogues. The search is composed of three main steps: a fast density-aware sky tiling, a fast recommendation system for flagging OC candidate regions based on proper motion similarity, and cluster membership assignment and independent validation.
The majority of the 41 new clusters reported in this work are nearby objects, 33 of which are located within 2 kpc of the Sun. Their discovery represents a significant increase of at least 20% in the OC population relative to previously known objects in the same region. The sample is divided in 28 high certainty OCs and 13 plausible OCs, for which we provide the location, apparent size, and mean astrometric parameters. This works challenges the previous claim that the cluster census was complete up to 1.8 kpc, and suggests that many discoveries are still to be made in our nearby galactic environment. This work has made use of results from the ESA space mission Gaia, the data from which were processed by the Gaia Data Processing and Analysis Consortium (DPAC). Funding for the DPAC has been provided by national institutions, in particular the institutions participating in the Gaia Multilateral Agreement. The Gaia mission website is http://www.cosmos.esa.int/gaia. Some of the authors are members of the Gaia DPAC. The Cosmostatistics Initiative 8 (COIN) is a non-profit organization whose aim is to nourish the synergy between astrophysics, cosmology, statistics, and machine learning communities. COIN acknowledges the support from the Overleaf 9 collaborative platform. Notes. r 50 : radius containing half the members identified in this study. N: Number of stars with frequentist membership probability ≥ 50%. d: mode of the distance likelihood after adding +0.029 mas to the measured parallaxes. Article number, page 9 of 23 A&A proofs: manuscript no. main_accepted Article number, page 11 of 23 A&A proofs: manuscript no. main_accepted Article number, page 13 of 23 A&A proofs: manuscript no. main_accepted 
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